Systemic lupus erythematosus is a complex disease affecting most organs in the body. Deficiency of early components of the classical complement pathway is a key predisposing genetic factor for lupus in both mice and humans. Activation of the complement cascade downstream of C3 is a key factor in tissue inflammation and damage in lupus. Thus, lupus provides an interesting puzzle for how and when to block complement activation as a therapy. Interventions blocking C5, the alternative pathway, the lectin pathway, and the terminal membrane attack complex are all effective in treating murine models of lupus. Over 20 complement-directed therapies are in clinical trials for various diseases. Despite the promising results regarding efficacy of complement inhibition in murine lupus, the overall lack of effective therapies in lupus, and the availability of a number of complement inhibitors for human trials, there have been and currently are no trials of complement inhibitors for treating lupus. The complexity of lupus and the failure of many recent clinical trials in lupus have perhaps discouraged industry sponsors from testing their complement therapies in lupus. There may also be concern that blocking complement alone may not be effective in treating lupus as other inflammatory mediators are also involved in disease pathogenesis. Despite these possible confounders, it is clear that complement is a key mediator of tissue inflammation and damage in lupus. Complement inhibitors may not be effective at long-term chronic management of lupus, but would appear to be very attractive as an acute intervention during disease flares, especially in lupus nephritis. Ongoing efforts by the NIH and by the lupus organizations to bring new lupus drugs to patients will hopefully lead to clinical trials of complement inhibitors in lupus in the near future.
Introduction
Systemic lupus erythematosus is a complex disease characterized by autoantibody production, immune complex formation, complement activation, and tissue damage [1] . Almost all organs in the body are affected by lupus, though the specific organs involved vary widely from patient to patient. C3 deposition in target organs, as well as evidence of local complement production in target organs, has led to a significant research effort focused on understanding the role of complement in disease and in developing therapeutics to block complement-mediated tissue damage [2] .
The complement system is a complex set of enzymes with activation occurring through three different pathways, the classical, the alternative, and the lection pathways [3, 4] . All three converge at C3, but each has different roles in health and disease and each has different mechanisms of activation. Once the pathways converge at C3, the downstream terminal components of the pathways are the same with generation of C3a and C3b, C5a and C5b ending with the formation of the membrane attack complex [4] . Significant research has examined the relative role of each pathway in lupus and which factors downstream of C3 are key for disease expression [3, 5] .
Complement and lupus
Complement is known to have a dichotomous role in lupus, further complicating efforts to define the best therapeutic approach for blocking complement in lupus. Deficiency of early components of the classical complement pathway, i.e., C1q, C2, and C4, are associated with a high risk of developing lupus [6, 7] . Indeed, penetrance of disease expression for C1q and C2 expression is the highest identified genetic risk for lupus [8] . Understanding the mechanisms for the development of lupus in early complement factor deficiencies provides insight into the pathogenesis of lupus [9] . The lack of these complement factors decreases clearance of immune complexes and delays clearance of apoptotic debris. These defective clearance mechanisms result in increased immune complex deposition and higher levels/longer exposure of the immune system to self-antigens [6] . Other genetic deficiencies that result in poor clearance of apoptotic debris (i.e., DNAse I and TREX1) also are associated with increased risk of lupus [10] [11] [12] [13] [14] . Thus, complete inhibition of the complement pathway, especially early in the pathway, would likely be deleterious in lupus [6] .
In contrast, complement activation in target tissues is clearly associated with tissue damage. Immune complex and complement deposition is the hallmark pathologically of lupus nephritis. C1q, C3, C4, factor B (FB), factor D (FD), and the membrane attack complex (MAC) can all be readily detectable in patients with active lupus nephritis [15, 16] . Immune complexes form via one of three mechanisms. First, immune complexes may preform in the serum and then be deposited in the kidney. Second, DNA/histones and other targets of autoantibodies are deposited in the glomerulus due to charge interactions then resulting in complement activation. Finally, there may be cross-reactivity of some lupus autoantibodies with intrinsic glomerular antigens also leading to complement activation [15, 17] . Once activated, there is continued and increasing complement activation through the alternative pathway amplification loop [18] . C3a and C5a attract inflammatory cells to the kidney and result in production of additional inflammatory cytokines and mediators [19] [20] [21] [22] . Formation of the MAC leads to tissue/cell damage in the kidney [23] [24] [25] [26] . Although most attention has previously focused on the glomerulus, there is also recent compelling evidence that there is a significant role for complement activation in tubular damage in lupus [25, 26] . This is partly due to tubular cells lacking complement inhibitory factors on the urinary side of the cell allowing damage to occur via complement products in the urine [25, 26] . Tubular damage is increasingly being recognized as a key factor in progression to ESRD. Of possible relevance to lupus is recent insight from studies of complement in ischemia reperfusion injury. Although inhibiting the complement pathway results in initial decrease in ischemic damage, long-term outcome is worse. However, blocking only the MAC results in significant improvement in outcome [27] . These findings indicate that most of the damage by complement is due to the MAC, while the generation of C3a and C5a are critical for attracting inflammatory cells/stem cells to clear necrotic debris and allow regeneration [27] . This phenomenon has not been demonstrated in lupus nephritis, but points out the need to fully understand pathogenic mechanisms and tailor complement therapies to the key pathogenic factors in each disease.
Lupus nephritis is not the only manifestation of lupus that is complement mediated. MRL/lpr mice are a strain that spontaneously develops lupus nephritis and lupus cerebritis. MRL/lpr mice treated with a complement inhibitor demonstrated less severe brain inflammation compared to wild type mice and resulting in improved performance in cognitive testing [28] . MRL/lpr mice also develop significant lupus like skin disease; however, factor B neither factor D nor C3 deficiency resulted in improvement in skin disease [29, 30] . CR2FH and CR2Crry given systemically did lead to decreased inflammatory lung disease in these mice [31] . Thus, it is likely that complement inhibition may be effective in some manifestations of lupus, but not all.
Due to the complexity of the complement system, its multiple pathways, its multiple components, and its multiple inhibitors, a number of therapeutic approaches exist and are being tested in lupus. Unfortunately to date, there have been no reported trials of successful use of a complement inhibitor in human lupus, although a couple of case reports suggest efficacy [32, 33] .
Complement-related therapies in lupus
Preclinical animal studies to date suggest that the alternative complement pathway and the terminal pathway downstream of C3 activation are the most attractive targets. These studies involved use of complement factor knockout mice and also therapeutic agents targeting specific components of the complement pathways. In lupus mice lacking factor B and factor D, there was a significant decrease in lupus disease activity primarily manifested as decreased severity of renal disease [34, 35] . Lupus mice lacking C3, however, had increased immune complex deposition in their kidneys and increased renal disease severity [30] . Further evidence for a role of the alternative complement pathway is provided by factor H knockout mice that had accelerated disease compared to wild type mice [16] . Properdin deficiency has not been studied in lupus, but resulted in less severe joint involvement in arthritis models while paradoxically, properdin deficiency led to worse induced glomerulonephritis [36, 37] .
Strategies to block the alternative complement pathway can occur via inhibiting either factor B or factor D activity, versus increasing factor H activity. Blocking antibodies to factor B and D were given to animal models of various inflammatory diseases. Both murine and human trials of blocking factor B or factor D systemically, using antibodies, have overall not been a successful strategy. To summarize, antibody blockade of factor B and factor D can be attained as a short-term strategy but is more difficult to maintain chronically [2] . Chronic inhibition of factor D or factor B is difficult to attain due to an apparent feedback mechanism leading to a heightened compensatory production that overcomes chronic blockade efforts [38] .
Significant success was obtained using inhibitors of the alternative pathway including systemic administration of Crry and targeted strategies using CR2Crry and CR2factor H [31, 39] . Other targeting strategies using antibodies to hone to sites of inflammation have also been used successfully. In lupus mouse models, CR2factor H was highly effective in treating spontaneous mouse models of lupus [29] . CR2Crry was also effective but there is no human analog of CR2Crry, though there is overlap of function with human CR1 [31] . Use of these targeting strategies also led to less systemic immune inhibition and less susceptibility to infection compared to systemic inhibition [31] .
Antibody inhibitors of C5 activity with the antibody targeting either C5, C5a, or C5aR were also effective in treating murine models of lupus [40] [41] [42] . It is unclear if one of these strategies is superior to the other as they have not been compared head to head. Small molecule inhibitors of C5a and C3a also appear to have efficacy in treating inflammatory diseases including lupus [41] .
Further downstream inhibitors of the membrane attack complex are also of potential therapeutic use. Increasing CD59 activity, an inhibitor of the membrane attack complex versus antibodies to one of the members of the membrane attack complex, is also of potential effect [27] . At this time in lupus, it is not clear whether it is the inflammatory mediators C3a/C5a versus the membrane attack complex that plays a bigger role in tissue damage in lupus nephritis [15] .
Lack of lupus trials testing complement inhibitors
Despite the clear evidence of a pathogenic role of complement in a number of diseases, there are only two drugs that are FDA approved for the treatment of human disease. One is eculizumab, an inhibitor of C5 [40] . It is approved to treat paroxysmal nocturnal hemoglobinuria and atypical hemolytic uremic syndrome. Although it is effective in mouse models of lupus, it has never been tested in human lupus other than a single case report [32] . It is in clinical trials for a number of other diseases, but not lupus at this time. Another anti-C5 antibody was shown to enhance survival in patients postcoronary artery bypass, but this drug has also not been tested in lupus [43] . The only other complement agents approved in human disease are C1 inhibitors for treating angioedema. These drugs would not be predicted to be effective in lupus [44] .
One reason why there are no ongoing trials of complement therapies in lupus is that a more attractive target has emerged. The most active area of complement research therapeutics at this time is in the treatment of macular degeneration, which is clearly linked to factor H and complement activity. There are a number of clinical trials of various complement therapies for treating AMD in progress [45] [46] [47] .
As shown in Table 1 derived from ClinicalTrials.gov, there are ongoing trials of complement therapies in sepsis, vasculitis, ischemia reperfusion injury, and transplants, among others. Most of these are therapies targeting C5, C5a, or C5aR. Anti-factor D and factor H are in trials for macular degeneration. There are no complement-related therapies listed on ClinicalTrials.gov that are being tested in lupus at this time.
There are a number of drugs that have effects on complement factors and/or complement activation. I am not including in this list drugs that may modulate the complement system, but it is not the primary target. Heparin is one such drug that as shown by the Salmon group, has significant effects on complement activation. This is the primary mode of action by which heparin and related products improve fetal survival in induced anti-phospholipid syndrome in mice and may explain the efficacy of heparin in human anti-phospholipid syndrome induced spontaneous abortions [48, 49] . Due to the obvious concerns regarding testing agents in pregnancy, there are no trials currently ongoing regarding complement therapies and APL in pregnancy. There is one preclinical effort listed to test eculizumab in catastrophic APL based on a case report [33] .
Summary
Given the clear data that the complement system is pathogenic in lupus and there are a number of potential agents to test for efficacy in lupus, the question arises as to why there are no trials of these multiple complement-targeted therapies in lupus. There is no one answer to this question. One potential reason is that lupus nephritis would be the type of lupus most likely to be studied. Given the multiple negative trials of novel agents to treat lupus nephritis, pharmaceutical companies may be reluctant to spend the millions of dollars required for such a trial until a clear trial design strategy is developed that can differentiate effective therapy from current standard of care treatment [50, 51] . It is also clear from studies of Fc receptors that Fc receptors also play a key role in human and murine lupus nephritis [52] . Thus, there is a valid concern that inhibiting complement activation alone may not be sufficient to see a clear effect over all the background medications that lupus nephritis patients are given. Combination therapy is likely going to be required. It was also shown, as noted above, to be difficult to effectively block the alternative pathway over extended periods. Thus, one might envision that complement blockade would be an adjunct therapy given at the time of acute active disease, but not be a mainstay of therapy. Unfortunately, unless one of these agents is tried in lupus, we will not know how effective or ineffective they are. Another factor limiting use of these agents in lupus nephritis is the corporate strategy of companies developing complement-targeted therapies. One company that has the rights to develop a number of promising complement therapies has elected to only pursue indications in very rare diseases leaving lupus out of the mix. Another company that has developed complement therapies recently elected to not pursue further research in inflammatory diseases, thus shelving their complement-related therapies and planned trials in lupus and rheumatoid arthritis. As mentioned above, there are also diseases felt to be more attractive than lupus for development. These include diseases that are known to be primarily or heavily dependent on complement activation. Such diseases include paroxysmal nocturnal hemoglobinuria, macular degeneration, and hemolytic uremic syndrome.
At this time, to my knowledge, there are no trials in progress or that planned to use complement inhibitors to treat lupus. The proposed trials to use these drugs in membranoproliferative disease, in dense deposit renal disease, and in ANCA-positive vasculitis provide hope that a complement-related therapy will be tried in lupus, likely after approval for another indication. New efforts by the not for-profit lupus organizations as well as the NIH to monetarily support trials of drugs that should have activity in lupus may allow partnership with industry to stimulate new trials using complement active agents to treat lupus. Until then, ongoing efforts are needed to more completely understand which agents would be most beneficial in lupus while offering the least risk of infection or other complications. Targeting therapies to sites of complement activation rather than systemic inhibition of the complement system, at least at this time, appears to have the best efficacy to side effect ratio.
